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R E V I E W : C L I M A T E O S C I L L A T I O N S Genesis and Evolution of the 1997-98 El Niño Michael J. McPhaden
The 1997-98 El Niño was, by some measures, the strongest on record, with major climatic impacts felt around the world. A newly completed tropical Pacific atmosphere-ocean observing system documented this El Niño from its rapid onset to its sudden demise in greater detail than was ever before possible. The unprecedented measurements challenge existing theories about El Niño-related climate swings and suggest why climate forecast models underpredicted the strength of the El Niño before its onset.
O ne of the major accomplishments of the 10-year (1985-94) Tropical Ocean Global Atmosphere (TOGA) program was the implementation of a new observing system for oceanic and atmospheric measurements to improve description, understanding, and prediction of El Niño-Southern Oscillation (ENSO) variability (1) . This "ENSO Observing System," consisting of satellite and in situ measurements (2) , was fully in place in time to capture the 1997-98 El Niño. The new data provided not only the most comprehensive description to date of a major El Niño event, but also led to improved long-range seasonal weather forecasts around the globe (3, 4) . The data from this observing system, and in particular from the Tropical Atmosphere Ocean (TAO) array of moored buoys (5) , are presented here to describe the evolution of the 1997-98 El Niño and highlight the oceanic and atmospheric processes that gave rise to it.
A weakening and reversal of the trade winds in the western and central equatorial Pacific led to the rapid development of unusually warm sea-surface temperatures (SSTs) east of the international date line in early 1997 ( Figs. 1 and 2 ). The western Pacific warm pool (surface waters greater than about 29°C) migrated eastward with the collapse of the trade winds, and the equatorial cold tongue-the strip of cool water indicative of equatorial upwelling that normally occupies the eastern and central Pacific between the coast of South America to the international date line-failed to develop in boreal summer and fall 1997 (Figs. 1 and 3) . The El Niño developed so rapidly that each month from June to December 1997 a new monthly record high was set for SST in the eastern equatorial Pacific, based on measurements dating back to the middle of the last century (Fig. 4) . At the height of the event in December 1997, 28°to 29°C water filled the equatorial basin ( Figs. 1 and 3) , and SST anomalies (that is, deviations from climatological norms) averaged nearly 4°C in the cold tongue region (6) . These anomalies were the largest on record in the eastern equatorial Pacific (Fig. 4) .
The development of El Niño conditions in the equatorial Pacific during 1997 was significantly modulated by higher frequency variability. Weakening and reversal of the trade winds in early 1997 were punctuated by a series of westerly wind events of generally increasing intensity or fetch along the equator ( Figs. 1 and 2 ). These westerly episodes were the manifestation of the Madden-Julian oscillation (MJO), a wave in the atmosphere with a 30-to 60-day period originating over the Indian Ocean (7) . Deep atmospheric convection and low-level westerly winds associated with the MJO are usually observed only over relatively warm surface water. Consistent with these relationships, our observations indicate that the strongest surface westerly winds and deep convection were apparent only over waters warmer than about 29°C ( Figs. 1 and 2 ).
Ocean currents forced by these westerly winds advected warm water eastward near the equator (8, 9) . As a result, the warm pool expanded, increasing the areal extent of warm water over which subsequent cycles of the MJO could force the ocean. The amount of wind energy transferred from the atmosphere to the ocean depends in part on wind fetch, so that an eastward expansion of the warm pool resulted in a positive feedback between westerly wind forcing and the warm pool expansion (10) . In addition, increasingly strong westerly wind forcing generated downwelling intraseasonal equatorial Kelvin waves of increasing amplitude. These waves propagated eastward across the basin in about 2 months, ultimately depressing the thermocline in the eastern Pacific by more than 90 m in late 1997 (Fig. 2) atures, because the subsurface cold water reservoir that feeds upwelling in the equatorial cold tongue is pushed down to greater depths (11) . In the western Pacific, on the other hand, the thermocline shoaled by 20 to 40 m in 1997 as Rossby waves excited by the initial weakening of the trade winds propagated westward toward Indonesia and New Guinea (12) . SSTs cooled in the west, presumably because of enhanced evaporative heat loss from the ocean and greater oceanic mixing of cold subsurface waters due to MJO-generated ocean turbulence (13) . The net result of these processes was a flattening of the thermocline and disappearance of the normal east-west SST gradient along the equator. The weakened large-scale SST gradient, in turn, fed back into a large-scale weakening of the trade winds, within which the series of westerly events was embedded.
In early 1998, SSTs in the eastern Pacific exceeded 29°C ( Fig. 1 ) as warm anomalies were superimposed on the usual seasonal warming that occurs at this time of year (Fig. 5) . Westerly wind anomalies, though weaker than earlier in the El Niño event, migrated eastward in tandem with the 29°C water. Thermocline shoaling, initially confined to west of the international date line, slowly progressed into the central and eastern Pacific. However, SSTs remained anomalously high east of the date line, because the local winds were weak there in early 1998 (Figs. 2 and 5). It was not until the trade winds abruptly returned to near normal strength in the eastern Pacific in mid-May 1998 that the cold subsurface waters could be efficiently upwelled. SSTs in the equatorial cold tongue then plummeted because of the close proximity of the thermocline to the surface. At one location (0°, 125°W), SST dropped 8°C in 30 days, more than 10 times the normal cooling rate at that time of year (Fig. 5) . The El Niño was brought to an end, and cold La Niña conditions were established in its place.
Delayed Oscillator Theory and the 1997-98 El Niño
According to delayed oscillator theory, which is one of the current paradigms for the ENSO cycle (14) , evolution of the climate system in the tropical Pacific on interannual time scales is governed by the interplay between large-scale equatorial ocean wave processes and oceanatmosphere feedbacks. This theory predicts that a buildup of heat content in the western Pacific, mediated by trade wind-forced downwelling equatorial Rossby waves, is a precursor of El Niño (15) . Reflection of Rossby waves off the western boundary can initiate El Niño events by generating downwelling equatorial Kelvin waves that propagate eastward to cause warming in the equatorial cold tongue. However, there has been considerable debate as to whether delayed oscillator physics as originally con- 16 -20) . The 1997-98 El Niño affords an opportunity to examine this theory in light of a very strong climate signal that is extraordinarily well defined by new data. For at least a year before the onset of the 1997-98 El Niño, there was a buildup of heat content in the western equatorial Pacific (Fig.  6 ) due to stronger than normal trade winds associated with a weak La Niña in 1995-96 (Fig. 2) . This buildup of heat content was also associated with unusually warm SSTs west of the date line (Fig. 2) . Although these conditions may have set the stage for the development of an El Niño, the onset of the 1997-98 event did not occur until the intensification of the MJO over the western Pacific in late 1996. The MJO goes through a normal seasonal cycle with larger amplitudes in boreal winter and spring. Beginning in late 1996, MJO variations in surface winds amplified even more over unusually warm waters of the western Pacific as these oscillations propagated eastward from the Indian Ocean (21) . The oceanic Kelvin waves most evident at the onset of the 1997-98 El Niño were those excited by episodic westerly surface winds associated with the MJO (Figs. 2 and 6 ). Kelvin waves generated at the western boundary by reflecting Rossby waves were, however, not readily apparent (22) .
Delayed oscillator theory also predicts that western boundary wave reflections are important for the termination of El Niño. Rossby waves generated by the collapse of the trade winds at the onset of El Niño are hypothesized to reflect at the western boundary into Kelvin waves, which then propagate eastward to elevate the thermocline in the eastern Pacific. An elevated thermocline creates conditions favorable for surface cooling through local trade wind-driven upwelling. Western boundary reflections of Rossby waves into upwelling Kelvin waves did occur after the onset of the 1997-98 El Niño (12) . However, the appearance of easterly wind anomalies in the western Pacific in late 1997 and early 1998 (Fig. 2 ) also generated upwelling Kelvin waves (22) . The development of these easterly anomalies at the height of El Niño, a consistent feature seen in historical data (23) , has been interpreted as the response to atmospheric pressure patterns over anomalously cool water as the El Niño evolves (24) . Thus, direct wind forcing, in addition to western boundary reflections, preconditioned the ocean for a demise of the El Niño in May-June 1998 (25) .
Implications for Predictability
The 1997-98 El Niño event caught the scientific community by surprise. Several dynamical and statistical ENSO forecast models had success in predicting, one to three seasons in advance, unusually warm tropical Pacific SSTs for 1997. However, before the onset of the El Niño, model-predicted warmings in virtually every case were much too weak and developed too slowly (4, 26, 27) . The first, and heretofore most successful, ENSO forecast model (28) failed to predict the 1997-98 event at all. Conflicting model predictions lead to uncertainty in the forecasting community about what would actually transpire in the tropical Pacific, so that official pronouncements of an impending El Niño were not made until April-May 1997 after the first appearance of warm SST anomalies. Once the El Niño was under way, however, predictions of subsequent tropical Pacific SSTs were improved in many cases by initializing the models with highly anomalous observations of prevailing oceanic and atmospheric conditions. These subsequent SST predictions were extremely valuable in mak- Year   Fig. 4 . SST anomalies for the region from 5°N to 5°S, 90°W to 150°W from a combination of shipboard data through 1991 and analysis of blended satellite/in situ data afterward. The shipboard data are described in (45) , and the blended product is described in (46) . Warm anomalies (in red) greater than about 0.5°C generally indicate El Niño events. Cold anomalies (in blue) less than about -0.5°C generally indicate La Niña events. ing long-range weather forecasts for different parts of the globe as the event unfolded (26, 27) . The predictability of ENSO is ultimately linked to large-scale wave dynamics that redistribute upper ocean heat and mass on seasonal to interannual time scales (29) . The skill of ENSO forecasting schemes is limited by a number of factors, such as model imperfections, errors in initial conditions, and tendencies toward chaos in the climate system. Moreover, forecast skill is both seasonally and decadally modulated (30) . The inability of forecast models to predict the rapid growth of the 1997 El Niño can be attributed to some combination of these factors. With regard to the MJO in particular, most atmospheric circulation models, including those used in dynamical model forecasting schemes, do not simulate intraseasonal variations well, if at all (28, 31) . Statistical ENSO forecast models, trained on seasonally averaged conditions over many ENSO cycles, are not particularly sensitive to intraseasonal variations. These models would have difficulty predicting with great accuracy extreme events or abrupt transitions that depended on short time-scale fluctuations. In addition, high-frequency synoptic-scale weather variations are not predictable on interannual time scales, so that phenomena like the MJO represent stochastic noise in climate forecasting.
All El Niños from the 1950s to the present have been associated with elevated levels of intraseasonal westerly surface wind forcing (17, 32) . In each case, several episodes of westerly wind forcing lasting typically 1 to 3 weeks developed before and during the El Niño events. These winds were related to the MJO or other phenomena such as tropical cyclone formation and cold air outbreaks from higher latitudes. However, episodic wind forcing is not a sufficient condition for El Niños to occur, since such forcing is evident during non-El Niño years as well. It has also been argued that episodic wind forcing is not even a necessary condition for the development of El Niños, since many coupled ocean-atmosphere models simulate ENSOlike variability without it. Nonetheless, theoretical studies indicate that stochastic forcing can amplify and markedly alter the evolution of the ENSO cycle if it occurs on time and space scales to which the ocean is sensitive, and when background oceanic and atmospheric conditions are conducive to the rapid growth of random disturbances (33, 34) . Part of the reason for irregularity in the ENSO cycle in terms of frequency, duration, and amplitude of warm and cold events may therefore be attributed to the nonlinear interaction of higher frequency weather variability with lower frequency ocean-atmosphere dynamics (35).
In late 1996, the equatorial Pacific was primed for an El Niño to occur with the buildup of heat content in the western Pacific over the previous 12 to 18 months. It is likely that those forecast models that predicted a warm event prior to its onset were sensitized to precursors associated with this buildup, consistent with delayed oscillator physics. However, the observations suggest that the sudden onset and large amplitude of the 1997-98 El Niño event were at least in part related to forcing by intraseasonal atmospheric oscillations which triggered the eruption of intense warm SST anomalies not foreseen by any forecast model.
Termination of the 1997-98 El Niño was preconditioned by low-frequency ocean wave processes which elevated the thermocline in the central and eastern Pacific. Corresponding to this evolving subsurface thermal structure, many forecast models by late 1997 were calling for a return to normal conditions in mid-to late 1998, and some of these models predicted further development of La Niña conditions (3, 27) . The suddenness of the trade-wind intensification which brought the event to an end in May-June 1998, however, was not anticipated by any ENSO forecasting scheme. What caused the trade winds to abruptly intensify is also not known, but they triggered explosive surface cooling by upwelling cold water from the very shallow thermocline. The intensity of the ensuing SST drop made for a spectacular finale to the 1997-98 El Niño.
Other factors that may have influenced the evolution of the 1997-98 El Niño include interactions with naturally occurring decadal time-scale fluctuations and global warming trends (36) (37) (38) . The Pacific Decadal Oscillation (39), for example, has been in a warm phase since the mid-1970s, elevating temperatures in the tropical Pacific and affecting the background conditions on which ENSO events develop. The MJO itself has undergone decadal time-scale modulations and is more active since the late 1970s in association with a systematic warming of the Indian Ocean (40) . Similarly, following a centurylong trend of rising global temperatures, 1998 and 1997 were, in that order, the warmest years on record (41) . Corresponding to these climatic changes, there have been more El Niños than La Niñas since the mid-1970s, the early 1990s was a period of extended warmth in the tropical Pacific (18, 36) , and the extremely strong 1997-98 El Niño followed by only 15 years the previous record-setting El Niño of 1982-83 (Fig. 4) . Exactly how these various phenomena spanning intraseasonal to centennial time scales interact with one another and with ENSO is not entirely clear. Further research is therefore required to better understand the multiscale interactions that potentially affect the ENSO cycle, and to translate that understanding into improved climate forecasting capabilities. 
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